The U.S. Geological Survey (USGS) has produced a one-year (2016) probabilistic seismic hazard assessment for the Central and Eastern United States (CEUS) that includes contributions from both induced and natural earthquakes. This assessment considers short term seismic activity rates (primarily 2014-2015) and assumes the activity rates will remain relatively stationary over short time intervals (Petersen and others, 2016). Results depict several ground shaking measures as well as intensity and include maps showing a high hazard level (1% probability of exceedance in 1 year or greater). Input models consider alternative categorization of induced and natural earthquakes, earthquake catalog durations, earthquake rate models, smoothing parameters, maximum magnitudes, and ground motion models to represent uncertainties in earthquake occurrence and diversity of opinion in the science community. We incorporate two earthquake rate models: one in which we classify earthquakes as induced or natural and the other in which we do not differentiate; the hazard maps both depict high hazard. The final ground shaking seismic hazard model for 1% probability of exceedance in one year reaches 0.6 g peak horizontal ground acceleration (PGA) in north-central Oklahoma and southern Kansas, and about 0. 
Introduction
The 2014 U.S. Geological Survey-United States National Seismic Hazard Model (NSHM) provides forecasts of locations, magnitudes, and rates of future natural (tectonic) earthquakes, as well as estimates of long-term (based on a 50 year horizon) ground shaking hazard that are applied in building codes and site specific structural designs, risk assessments, financial instruments, and other public policy applications others, 2014, 2015a) . In developing the models, nontectonic events are removed from consideration (e.g., this model does not consider mining related seismicity or induced earthquakes caused by wastewater injection or other human activities). However, the central and eastern U.S. (CEUS) has been experiencing a rapid increase in the number of induced earthquakes over the past 7 years which causes concern to residents, business owners, engineers, and public officials responsible for mitigating or responding to the impacts of these earthquakes on nearby populations and critical infrastructure (for example, Ground Water Protection Council and Interstate Oil and Gas Compact Commission, 2015; Underground Injection Control National Technical Workgroup, 2015; Taylor and others, 2015) . In this paper we describe the first attempt at assessing the seismic hazard contributed by both induced and natural earthquakes across the CEUS for 1-year (2016) using a variety of earthquake catalogs, statistical models and parameters, and ground motion models.
Further details of the final model, a sensitivity study, and alternative input models can be found in others, 2015b, 2016) .
In recent years, overall seismicity rates have increased markedly in the CEUS. Between 1980 and about 2009, seismicity rates were relatively stable, but since 2009 rates in some areas, such as Oklahoma, have increased by more than an order of magnitude. Scientific studies have linked the majority of this increased activity to wastewater injection in deep disposal wells in several locations (Ellsworth, 2013; Walsh and Zoback, 2015; others, 2015, Keranen and others, 2014; table 1) . However, other mechanisms such as fluid withdrawal or hydraulic fracturing processes can also result in induced earthquakes. Figure 1 and 2 show data used in this analysis to classify earthquakes and quantify rates. Figure 1 shows locations of oil and gas plays and sedimentary basins from the U.S. Energy Information Administration (2015), Class 2 disposal wells located across the CEUS with or without associated earthquakes (Weingarten and others, 2015) , and zones of induced seismicity applied in this study. A zone of induced seismicity encloses earthquakes that have experienced sharp increases within a certain space and time-window, and which have been provisionally identified as induced from the science literature and local expertise. Some of the associated wells identified by Weingarten and others (2015) are outside of the zones, and these regions may be considered in the future, for example areas in west Texas. Figure 2 shows the declustered earthquakes from 2014, 2015, and the 2014 NSHM long-term catalog (1700-2012) updated through 2015 that are used in assessing the earthquake rate model (Petersen and others, 2016) .
Induced earthquakes are known to produce seismic hazard and risk to buildings, bridges, pipelines, and other important structures and are a concern for about 8 million people living in the vicinity (based on this analysis and Landscan, 2013 population database). Examples of recent damaging earthquakes that have occurred near injection wells include: 2011 moment magnitude (Mw) 5.6 near Prague, Oklahoma (Keranen and others, 2013) , 2011 Mw 5.3 near Trinidad, Colorado (Rubinstein and others, 2014) , 2012 Mw 4.8 near Timpson, Texas (Frohlich and others, 2014) , and 2011 M4.7 near Guy, Arkansas (Horton, 2012) . In addition, high peak accelerations have been recorded in recent events located near active injection wells. For example, a 25 January 2013 local magnitude (mbLg) 4.1 earthquake near Timpson, TX caused a 0.62 g (fraction of standard gravity, g) peak horizontal ground acceleration (PGA) (Frohlich and others, 2014) , a 10 October 2015 M4.3 near Cushing, Oklahoma produced 0.60 g PGA (McNamara and others, 2015b) , and a 01 January 2016 Mw 4.2 earthquake near Edmond, Oklahoma generated 0.58 g PGA (USGS ShakeMap,). PGA in this range (about 0.6 g) is equivalent to severe shaking intensity that can cause significant damage (MMI VI-VII) (Wald et al., 1999) .
Despite these high observed ground shaking levels, building code committees are reluctant to consider induced earthquakes in current design codes because the hazard from induced seismicity changes so rapidly in space and time that the patterns and rates will change before the building regulations are enacted-causing confusion in the design process. Therefore, there is a lack of science information available to the public policy officials who need to make informed decisions on induced earthquake ground shaking and damage potential.
The purpose of this paper is to help fill this information gap. This paper discusses an assessment of seismic hazard that includes the impacts of induced and natural earthquake shaking. In developing this hazard model, we held a workshop (Petersen and others, 2015b ) with more than 150 scientists, engineers, and regulators from national, state, and local government agencies, industry, and academia to define data, methods, and models that are most applicable for assessing induced earthquake hazard. The hazard model was also discussed and reviewed by several State geological surveys and by our National Seismic Hazard And Risk Assessment Steering Committee, which is composed of nine hazard experts from across the United States. In this update we present a one-year forecast for the CEUS. We have not considered induced seismicity for the western U.S. (WUS), but for comparison in some of the figures we show a similar model for the WUS that is based on a time-invariant forecast for natural earthquakes (Petersen and others, 2014) . The new maps are also compared to the 2014 hazard maps that only consider tectonic earthquakes to show how the recent seismicity has influenced the seismic hazard across the CEUS.
Models
For this hazard analysis we calculate the hazard for induced and natural earthquakes by applying a declustered catalog developed through 2015 (Gardner and Knopoff, 1974) . We decluster the earthquake catalog to remove dependent events which are not considered in the probabilistic seismic hazard methodology (Cornell, 1968) . We compared the hazard using a full catalog with b=1.3 for seismicity in the induced zones with the hazard obtained using the declustered catalog. This sensitivity study is similar to the analysis presented in Petersen et al. (2015b) . Results indicate that an analysis applying the full catalog increases the hazard several fold for PGA, 1 Hz, and 5 Hz spectral acceleration compared to applying the declustered catalog in this study. We use sub-catalogs with varying durations, calculate smooth rates using standard techniques, apply a Gutenberg and Richter (1944) magnitude-frequency distribution (b=1.0) to extrapolate the number of smaller earthquakes to estimate the number of larger earthquakes, incorporate alternative maximum magnitudes to truncate this distribution, and incorporate recent ground motion models to assess the shaking from any earthquake. We compute the rates of M≥2.7 earthquakes in the declustered catalog for four time windows and over a regular grid. The rates are obtained by spatially smoothing the earthquake counts over each time period with a Gaussian kernel (Frankel, 1995) .
We consider two seismicity rate models: (1) the informed model that classifies earthquakes as either induced or natural based on earthquake locations and timing near injection wells assessed from published literature or from local experts and (2) the adaptive model that does not classify earthquakes but assumes the maximum rate in various time windows to assess future events. We consider two earthquake rate models to understand the impact of classifying earthquakes as induced or natural earthquakes, to account for situations where earthquakes fluctuate on a longer time-scale, and to consider hazard where earthquake rates have decreased through the last few years. Both models consider alternative catalogs with durations of 1 year, 2 years, 36 years, and a long term catalog applied in the 2014 NSHM extending through 2015, and various earthquake smoothing distances (ranging from 10 km to the smoothing distances applied in the 2014 NSHM) for calculating earthquake rates are used to forecast the seismicity in 2016.
The informed model and adaptive models differ primarily in how the earthquake catalogs are applied to obtain earthquake rates for 2016 and how the ground motion models differ between induced and natural earthquakes. Standard ground motion models are used for both natural and induced earthquakes because very few have been developed for induced earthquakes. We have applied in the Atkinson (2015) model to account for the potential of shallower depths of induced earthquakes. These models and methods are described in detail in Petersen and others (2016) .
Other ground motion models have recently become available and could be considered in the future (Yenier and Atkinson, 2015; Yenier et al., 2016) .
Informed Model
For the informed model we classify the induced and natural earthquakes so that we can account for differences in earthquake source, frequency, propagation, and ground shaking characteristics. Induced earthquake sequences do not typically behave like a tectonic mainshock followed by aftershocks. Instead they often behave as a swarm with interspersed earthquakes of various magnitudes with no obvious mainshock. We also recognize that natural earthquake swarms occur across the United States (for example, near Sheldon, Nevada starting in mid-2014). It is, nonetheless, generally accepted in the scientific community that widespread increased seismicity in the CEUS is quantitatively related to man-made injection activities as measured by pumping volumes and rates (Ellsworth, 2013; McGarr and others, 2015; Weingarten and others, 2015) .
These induced earthquakes are thought to differ from natural earthquakes in several ways. Observations worldwide of fluid injection induced earthquakes indicate that their maximum magnitudes may be smaller than for natural earthquakes, but many scientists also suggest induced earthquakes can trigger larger earthquakes on known or unknown faults (McGarr, 2014, Petersen and others, 2015b; Sumy and others, 2014) . Induced earthquakes tend to exhibit swarm-like behavior and shallower average depths of rupture than many natural earthquakes (Gomberg and Wolf, 1999; Seeber and others, 2004; others, 2015a, 2015b; McNamara and others, 2015a) . Several models and observations suggested that induced swarms may have relatively more small earthquakes compared to the numbers of large earthquakes represented by greater b-values; however, other swarms have typical b-values near 1.0 (Benz and others, 2015; Petersen and others, 2015b) . Hough (2014) suggested that high intensities close to induced earthquakes are consistent with shallow depths, and low intensities at regional distances are consistent with low stress drop. Atkinson (2015) develop a ground motion model using empirical data from small-to-moderate earthquakes at short hypocentral distances (NGA-West2 model). These models are thought to provide a reasonable estimate of ground motions for shallow induced earthquakes in the CEUS due to the approximate equivalence of stress drop for shallow CEUS events and deeper western U.S. events.. Douglas and others (2013) indicate that ground shaking data from geothermally induced and natural earthquakes cannot be statistically distinguished; they suggest that the ground motion distributions for natural and induced earthquakes may have different standard deviations. Research on ground motion models for induced and natural earthquakes are needed to improve the hazard estimates.
For this assessment we rely on published scientific research (table 1; for the list of corresponding references see Petersen and others, 2016 ) and on consultations with the State geological surveys and local experts to classify induced and natural earthquakes (Davis and Frohlich, 1993) . The science literature typically categorizes fluid injection induced earthquakes by using one or more of the following criteria: (1) a statistically significant rate change of earthquakes (Llenos and Michael, 2013) , (2) earthquakes located close to and synchronous with, an active fluid injection and at depths consistent with injection (Petersen and others, 2016) , and (3) injection continuing or recently ceased at the time of earthquake (Petersen and others, 2016) .
The evidence for the seismic activity being induced is especially compelling when reductions in seismicity rate are correlated with reductions of wastewater injection (Healy and others, 1968; Raleigh and others, 1976; McNamara and others, 2015b) . For those earthquakes whose origins remain unresolved, we consider alternative models to accommodate this uncertainty. To classify induced and natural earthquakes, we define zones as polygonal shapes (in map view), which are thought to encompass the induced earthquakes within a prescribed time interval. This time interval corresponds with the time when anomalously-high seismicity rates were observed or with industrial activity identified in the scientific literature ( fig. 1 ; table 1; Petersen and others, 2016). We recognize that a few natural earthquakes may also be located within these zones, the numbers of natural earthquakes are generally far smaller than the numbers of induced earthquakes with a few exceptions. Table 1 We consider alternative input parameters in this model to account for differences in expert opinion. For earthquakes inside the zones, most weight is given to a model based on the 2015 one-year catalog since studies show that short-term, recent catalogs provide better forecasts of future seismicity others, 2016, Moschetti et al., 2016) . The seismicity (M≥2.7)
is smoothed using either 10 km or 20 km Gaussian smoothing kernels to obtain the earthquake rates on a grid. A smaller weight is applied to the 2-year duration.
We incorporate the minimum magnitude of M 4.7 for calculating hazard, as applied in the 2014 NSHM. We tested the sensitivity of the minimum magnitude for a simplified version of the informed model. This study only pertains to rapidly accelerating rates of earthquakes inside the zones of induced seismicity, for the informed model (Petersen et al., 2016) , with a Mmax 6.0, and for the Atkinson (2015) We incorporate two maximum magnitudes of 6.0 and 7.1 (with a distribution). We apply two ground motion models: (1) the suite of models applied for the CEUS in the 2014 NSHM and (2) the Atkinson (2015) model that applies for shallow earthquakes in central and eastern North America as well as for deeper earthquakes included in the NGA-W2 earthquake strong motion database. For earthquakes outside of the zones considered natural and the 5 zones that are considered as special cases, we consider a model that applies several different catalog durations and uses the 2014 NSHM maximum magnitudes and ground motion models similar to the adaptive model (described below). These data, models, and methods are all presented in Petersen and others (2014, 2015a, 2016) .
Adaptive model
In the alternative adaptive earthquake rate model, we assume that we cannot distinguish between natural and induced earthquakes. We include this adaptive rate model because: (1) it is sometimes difficult to distinguish between induced and natural earthquakes, (2) we want to understand the hazard implications of classifying earthquakes as induced or natural, (3) some sequences start and stop periodically and these events might not be properly characterized in the informed model that only considers induced earthquakes during the previous couple years.
Rather than relying on a single time horizon to estimate earthquake rates over the next year, the adaptive model compares earthquake rates over multiple time horizons (1-year, 2-year, and 36-year) and uses the maximum of these rates if it is significantly greater than the long-term 2014 NSHM earthquake rate model. Otherwise, the long-term 2014 NSHM rate is used. The rates are obtained by spatially smoothing the earthquake counts over each time period with a Gaussian kernel, using a 10 km correlation distance for the 1-year rate, 20 km distance for the 2-year rate, and 50 km distance for the 36-year rate. We use the following trimming strategy to minimize the impact of single earthquakes that occur in these smaller time windows and may raise the shortterm rates far above the long-term 2014 NSHM rate. These single events may be expected given random events in the long-term rate model. If the number of earthquakes within some specified trimming distance of a grid cell over either the 1-year, 2-year, or 36-year time period does not exceed the expected number given the long-term 2014 NSHM rate model at the 95% confidence level, then we simply use the 2014 NSHM rate in that cell. Currently the trimming distance is set to equal the smoothing kernel distance (for example, the trimming distance is 50 km for the 36-year rate, 20 km for the 2-year rate, and 10 km for the 1-year rate), and should reflect the improvement in earthquake location accuracy over time.
For the adaptive model we only apply the minimum magnitude (M 4.7) and maximum magnitude distribution centered at 7.1 as in the 2014 NSHM. We do not consider the potential for smaller minimum and maximum magnitudes l (Petersen and others, 2016 ). Since we do not distinguish induced earthquakes in this model, we do not want to apply models that are applicable for induced source and ground motion parameters and rely on the 2014 NSHM model for tectonic earthquakes. In addition, we only consider the suite of models applied for the CEUS in the 2014 NSHM and do not consider the Atkinson (2015) model that was applied in the informed model. These data, models, and methods are described in Petersen and others (2014 Petersen and others ( , 2015a Petersen and others ( , 2016 .
Comparisons of informed and adaptive models and the 2014 NSHM model
The PGA hazard for the informed and adaptive models is compared in figure 3 . The adaptive model produces generally higher hazard than the informed because this model selects the maximum rate at each grid point. However, the adaptive model results in lower hazard than the informed in places where earthquake trimming has been applied. Generally, the two models agree within about 50% of one another. This comparison shows that the hazard is high in areas of recent high seismicity, whether or not earthquakes are classified as induced or natural. Figure 4 shows a ratio map of the final PGA hazard model (that consider both the informed and adaptive models equally weighted) with the 2014 NSHM model that did not consider induced earthquakes. Whereas the ratios of the hazard calculated using the two alternative rate models are generally similar to one another, the final model is significantly higher than the 2014 model. The ratio map shows increases of greater than a factor of 10 over broad areas of the CEUS. Petersen and others (2016) show hazard curves at six sites indicating that the 2016 hazard increases can be more than an order of magnitude larger than the 2014 hazard results within zones of induced seismicity.
Important issues in developing hazard maps for induced earthquakes
This assessment is the first time that we have developed a hazard model for both induced and natural earthquakes that can be considered by public officials, engineers, and others who need the information to make informed decisions. In the process of developing these models we had to make critical modeling decisions on issues that are not well defined. We made these decisions using our best current knowledge of induced seismicity science. Nevertheless, we do not want to forget that these issues are important and underlie these 2016 products and many of these issues can be better constrained with more data and research. Future work should focus on reducing these uncertainties based on scientific research. These issues include:
• whether M≥2.7 represents the completeness over the entire CEUS,
• whether declustering, which reduces the estimated rate, is the best approach for assessing the hazard during short time periods and, what is the best algorithm to use for this processing,
• whether we should include additional rate models,
• the hazard depends on analysis of past seismicity and so no hazard is found for an area without previous seismicity, even if the area is slated for a huge increase in injection; developing forecast models that include the industrial drivers may be necessary to improve the performance of the model,
• whether improved hypocenter locations can improve identification and characterization of active fault zones,
• understanding and characterizing regional differences in induced earthquakes may be important for improving the hazard assessments; currently we do not have enough earthquakes outside of the Oklahoma region to quantify these differences,
• whether the Gutenberg-Richter distribution b-value of 1 should be applied for declustered catalogs and higher b-values applied for non-declustered catalogs may be regionally variable and could be catalog dependent,
• whether we should use minimum magnitude of M4.7 for the hazard calculation or consider smaller events that could potentially cause damaging ground shaking or nuisance to people living nearby,
• whether to use the same Mmax for induced and tectonic earthquakes remains controversial,
• the appropriate choice of ground motion prediction equations for induced earthquakes remains uncertain,how to best present these short-term hazards assessments to end-users including a better assessment of MMI and earthquake effects,
• how these short-term hazards assessments could be integrated with planned products for Operational Earthquake Forecasting,
• how to test the hazard models and underlying branches of the logic tree, and
• how to assess uncertainties for input parameters and resulting models.
Results

The final hazard maps (figures 5-7) show forecasted Modified Mercalli Intensity (MMI)
values inferred from the probabilistic ground motion parameters from Worden et al. (2010) .
Intensity measures may be more comprehensible for many people than PGA or spectral acceleration values. The hazard is also high over the New Madrid seismic zone, which experiences earthquakes at regular intervals and has experienced a higher earthquake rate during the past year (Petersen and others, 2016) . These likelihood of potentially damaging ground motions are similar to those found in portions of California (Petersen and others, 2014) . The probabilities of exceeding MMI VII and MMI VIII are substantially lower than for exceeding MMI VI. This result indicates that the likelihood of damage such as cracking are much higher than for experiencing significant structural damage or collapse of buildings.
Integrating the potentialdamage in 2016 with the Landscan (2013) In this new model the uncertainties are high for the rates of earthquakes and the associated ground shaking and it is important to recognize the limitations of the model and its validation. We have not completed a formal uncertainty analysis, sensitivity testing here and in the previous papers (Petersen et al., 2015; 2016a) indicate uncertainties in the rates of exceedance are very high. For example, in Oklahoma ground shaking rates differ by about a factor of 5 when considering different ground motion models and a factor of about 2 when considering alternative source model inputs. In addition, in the final model we have not included earthquakes less than M4.7 because they don't contribute as much to damage estimates as the larger earthquakes, however, these smaller earthquakes contribute to the uncertainty in smaller ground motion levels.
To help us gain confidence in the higher probability levels (1% probability of exceedance in 1 year) we have examined independent "Did you feel it?" data and shaking data for observed earthquakes over the past decade as well as the first few months of 2016. Using this independent data, we find that areas where we are predicting high hazard and intensity have experienced damaging ground shaking in the past few years. We also have observed high ground shaking levels in earthquakes that have occurred since the map was developed. For example, the Feb, 13, 2016 M 5.1 Fairview earthquake occurred in the highest hazard area shown on the map.
However, we are not able to compare or validate the shaking levels for lower probability levels, so this portion of the hazard curve remains more uncertain. In areas of very high seismicity in Oklahoma, the 1-year model leads to very high probabilistic ground motions for long-return periods which are more sensitive to the sigma of the ground motion models. It is possible that these ground motions should be truncated at some level of sigma or non-ergodic ground motion models should be developed. In areas of very low seismicity, the model may yield suspect hazard values in places where a new event occurs; the projected rate in such a place can be much higher than in longer-term models. Users of the data should recognize that this is a one-year model with high uncertainties and not a long-term model and be cautious in producing derivative products for risk and other public policy applications.
Summary
This report describes a one-year seismic hazard assessment for the CEUS that includes induced and natural earthquakes. We develop two models for this purpose. The first model is an informed rate model that relies on published information and depends mostly on the 1-year and 2-year earthquake rates within zones of induced seismicity and both short and long-term earthquake rates outside of the zones. The second model is an adaptive rate model that considers the maximum rate in 1-year, 2-year, 36 year, and longer term intervals and does not discriminate between induced and natural earthquakes and is generally higher hazard than the informed model. These two earthquake rate models result in hazard that is similar but significantly higher than the 2014 NSHM hazard that did not include contributions from induced earthquakes.
However, the two rate models are considerably higher in areas of induced seismicity than depicted in the 2014 NSHM (Petersen and others, 2014) .
We consider alternative source and ground shaking models because the science of induced earthquakes is still evolving and large uncertainties characterize such forecasts. These large uncertainties are related to the fact that industrial activity is rapidly changing and the sources of induced earthquakes may change over the course of the next year. Difficulties in assessing seismic hazard arise from a lack of relevant technical information on the geological condition and state of stress, and on industrial activity (such as, pumping data for injection wells). The science community can perform research on induced and natural earthquakes and their related ground shaking that will improve these models. For example, additional induced and natural earthquake data and more comprehensive access to the corresponding industrial information could substantially improve these seismic hazard forecasts. An important topic for future research is to quantify and reduce the uncertainties associated with these data, models, and methods.
The higher hazard levels in active injection areas are evidenced by damage reported across parts of Oklahoma, Kansas, Colorado, New Mexico, and Texas. High hazard levels in some of these zones of induced seismicity are comparable with those in California and New
Madrid that experienced high rates of natural seismicity. In contrast, in some areas that previously experienced effects of induced earthquakes the seismicity has diminished to the extent that the hazard is modeled using the ground motions portrayed in the 2014 National Seismic
Hazard Model. Understanding these changes and transmitting this information to local policy makers is essential for making informed decisions.
This assessment is the first step in developing an operational earthquake forecast for the CEUS. Continuing updates will be contingent on user interest and programmatic resources.
Future hazard models could be updated every year or even over a shorter time to improve the model predictability and usefulness to policy makers. This model will change in the future to reflect varying wastewater disposal activities or other man-made activities, policy changes, and scientific insights. The analysis could also be expanded to include the western U.S. induced earthquakes. Such efforts would be in line with Operational Earthquake Forecasting objectives that have been proposed for use by policy makers in decision making (Jordan and Jones, 2010; Field and others, 2016) . Users of this model may consider both induced and natural earthquakes in formulating risk mitigation strategies. 
Postscript
Data and Resources
The declustered earthquake catalog used for the 2016 one-year forecast was created by the National Seismic Hazard Modeling Project, and contains earthquakes through the year 2015.
A detailed description about the various catalog sources is in Petersen and others (2014 Zones of induced seismicity defined in this report, information on oil and gas plays, sedimentary basins (U.S. Energy Information Administration, 2015), wells that are associated with earthquakes (Weingarten and others, 2015) , and the earthquake zones applied in this analysis (Petersen and others, 2016) . 
